Objective: To determine associations between circulating markers of immune activation, immune cell senescence, and inflammation with HIV-associated abnormalities of pulmonary function.
Relationships of pulmonary function, inflammation, and T-cell activation and senescence in an HIV-infected cohort Meghan E. Objective: To determine associations between circulating markers of immune activation, immune cell senescence, and inflammation with HIV-associated abnormalities of pulmonary function.
Design: HIV infection is an independent risk factor for abnormal pulmonary function.
Immune activation, immune senescence, and chronic inflammation are characteristics of chronic HIV infection that have been associated with other HIV-associated comorbidities and may be related to pulmonary disease in this population.
Methods:
Participants from an HIV-infected cohort (n ¼ 147) completed pulmonary function testing (PFT). Markers of T-cell activation and senescence were determined by flow cytometry, and plasma levels of interleukin-6, interleukin-8, and C-reactive protein (CRP) were measured, as was telomere length of peripheral blood mononuclear cells (PBMC). Regression models adjusting for clinical risk factors were constructed to examine relationships between biomarkers and PFT outcomes.
Results: Activated CD25 þ T cells and activated/senescent CD69 þ /CD57 þ /CD28 null CD4 þ T cells, interleukin-6, and CRP were associated with PFT abnormalities. Shortening of PBMC telomere length correlated with airflow obstruction and diffusing impairment. Paradoxically, circulating senescent CD57 þ /CD28 null CD8 þ T cells were associated with better PFT outcomes.
Conclusion:
Circulating T cells expressing markers of activation and inflammatory cytokine levels are independently correlated with PFT abnormalities in HIV-infected persons. Overall telomere shortening was also associated with pulmonary dysfunction. The paradoxical association of senescent CD8 þ T cells and better PFT outcomes could suggest an unrecognized beneficial compensatory function of such cells or a redistribution of these cells from the circulation to local compartments. Further studies are needed to differentiate and characterize functional subsets of local pulmonary and circulating T-cell populations in HIV-associated pulmonary dysfunction.
Introduction
For HIV-infected individuals with access to treatment, HIV has become a chronic disease [1] , and older HIVinfected persons face a host of comorbidities, including age-related diseases that may be accelerated by premature cellular senescence, immune activation, and inflammation associated with HIV [2] [3] [4] . Chronic obstructive pulmonary disease (COPD) is one of these important comorbidities. Although epidemiologic data have established a link between HIV and COPD [5] [6] [7] [8] [9] [10] [11] [12] [13] , the mechanism(s) by which COPD develops in HIV-infected persons is unknown. HIV and COPD, independent of each other, are known to exhibit varying states of immune activation, cellular senescence, and systemic inflammation; conditions that could amplify disease manifestations within the setting of HIV-associated COPD.
COPD is common in the HIV-infected population. Epidemiologic studies have reported prevalence of physician diagnosis of COPD, abnormal spirometry, or abnormal diffusing capacity ranging from 17 to 60% of HIV-infected persons [6, 7, 11, 12, 14] . In addition to being prevalent, COPD is likely also accelerated in HIV. Recent studies indicate the mean age of those with COPD was 49 years [15] , and severe emphysema in HIV-infected persons has been reported in the fourth decade of life [8] . Effects of antiretroviral therapy (ART) on lung function are unclear, but the pattern of prevalent and early COPD has persisted in the current era [10, 15] . Although cigarette smoking is very common among persons with HIV, the attributable risk secondary to HIV is independent of smoking or other risk factors, including injection drug use or prior pulmonary infection [6, 15] .
Despite the importance of COPD in HIV, little is known regarding the mechanisms of its development. COPD in HIV infection may be in part driven by accelerated immune activation and/or senescence in HIV-infected persons. T cells in HIV-infected individuals have features of cell senescence and chronic activation [16] [17] [18] . Senescent T cells have maladaptive function and may contribute to upregulation of the inflammatory response independent of triggering of the T-cell receptor (TCR) [19, 20] . Premature senescence of lymphoid and nonlymphoid cells occurs in HIV-infected individuals and has been linked to a number of comorbid conditions such as cardiovascular disease, neurocognitive disorders, osteoporosis/osteopenia, and renal insufficiency [21] [22] [23] [24] , conditions that are typically seen in older HIV-uninfected adults [25] . COPD may be related to immune senescence in HIV given both its age-related prevalence and its pathogenic link to aging in the HIV-uninfected population [26] [27] [28] [29] [30] [31] . Abnormal T-cell activation, detected via surface expression of immune activation markers, is a feature of HIV infection that is not completely ameliorated by ART, even with effective viral suppression [32] . Persistent immune activation has been associated with HIV progression and worse survival [33] as well as with presence of cardiovascular comorbidity among HIV-infected persons [34] [35] [36] . Additionally, circulating biomarkers associated with a persistent inflammatory phenotype are elevated among persons with HIV [37] . Inflammatory biomarkers in HIVinfected persons (including C-reactive protein [CRP] and interleukin-6) have been associated with worse mortality outcomes [38] and may mediate comorbidityspecific outcomes such as cardiovascular disease [39] . In the HIV-uninfected population, relationships between COPD and inflammatory mediators have been established [40, 41] , though the drivers of systemic inflammation are not readily apparent.
In this study, we investigate relationships among markers of T-cell activation (CD38
null , telomere shortening), and circulating markers of inflammation (interleukin-6, interleukin-8, CRP) with pulmonary function abnormalities typical of COPD in an HIV-infected cohort.
Methods Participants
Participants were recruited from an existing cohort that enrolled HIV-infected individuals 18 years of age and older from the University of Pittsburgh/Pittsburgh AIDS Center for Treatment Clinic, Pittsburgh, Pennsylvania, USA [11] . Participants were screened and excluded if there were contraindications to undergoing pulmonary function testing (PFT), if they had new or increasing respiratory symptoms, or if they had fever within 4 weeks prior to enrollment. Participants signed written informed consent, and study protocols were approved by the Institutional Review Board of the University of Pittsburgh. Participants were enrolled in the current study between July 2007 and June 2011, and followed prospectively through 36 months, with data collection taking place at baseline, 18-month, and 36-month time points. The current cross-sectional analysis uses data generated from the 18-month study visit, which was the first visit with an adequate number of peripheral blood mononuclear cell (PBMC) samples.
Data collection
Demographic and clinical data were collected by trained interviewers. These data included age, sex, race, ethnicity, self-reported injection drug use, self-reported cigarette smoking and duration, history of bacterial or Pneumocystis pneumonia, and use of and adherence to antiretroviral drugs. Participants were considered 'ever-smokers' if they endorsed a history of smoking greater than 100 cigarettes. Participant CD4 þ T-cell counts and HIV viral loads were determined via chart abstraction, and the CD4 þ cell counts and viral loads obtained most proximal to PFT were recorded as current. Participants were categorized as having active hepatitis C if they had both positive antibody testing and viral RNA positivity as determined via review of laboratory testing. Blood samples were obtained using standard procedures at each study visit and were processed and banked for future testing.
Pulmonary function testing
Spirometry was performed before and after administration of 400 mg of albuterol by inhalation (4 puffs from a metered dose inhaler) following American Thoracic Society (ATS)/European Respiratory Society (ERS) standards [42] . Participants also performed a singlebreath determination of carbon monoxide uptake in the lungs to measure diffusing capacity for carbon monoxide (DL CO ) per ATS/ERS standards [43] . Spirometry reference values were determined from the third National Health and Nutrition Examination Survey (NHANES III) equations [44] , and reference values for DL CO used Neas et al. equations [45] that were adjusted for hemoglobin and carboxyhemoglobin measured from blood testing at the time of the PFT [43] . [19, 20] using a FACSAria II cytometer (Becton Dickinson, San Francisco, California, USA), and the collected cytometry data were analyzed offline with FlowJo 7.6.5 (Tree Star, Inc., Ashland, Oregon, USA). Following matrix compensation to fluorochrome-stained 3.27 mm control beads (Spherotech, Lake Forest, Illinois, USA), the live lymphocyte population was gated from forward and side scatter profiles. Background staining was minimized, and detection signals were optimized by the inclusion of isotype antibody controls, and unstained/single-stain cell controls in each cytometry experiment. T cells were defined as TCRabþ/CD4þ or TCRabþ/CD8þ To minimize variance, subsets of populations containing less than 100 cells were not included in the analysis. Senescent T cells were defined as those with the expression pattern CD57 þ /CD28 null . Activation markers were assessed both independently and coexpressed with senescence markers.
Flow cytometry
Circulating biomarker measurements Plasma levels of CRP and cytokines interleukin-6 and interleukin-8 were assayed with commercially available high-sensitivity ELISA kits (CRP: Phoenix Pharmaceuticals, Burlingame, California, USA; interleukin-6 and interleukin-8: R&D Systems, Minneapolis, Minnesota, USA) following the manufacturers' protocols. All ELISA were performed in triplicate.
Telomere length determination DNA was isolated and purified from PBMCs stored at À808C using the QIAgen DNEasy Blood and Tissue Kit (QIAgen, Valencia, California, USA), per manufacturer's instructions. DNA was quantified and assessed for purity using spectrophotometry. Relative telomere length was determined as a telomere to single-copy gene (T/S) ratio using quantitative real-time polymerase chain reaction (qPCR) as described by Cawthon [46] , with minor modifications to the cycle length to optimize for a BioRad PCR machine (BioRad, Hercules, California, USA). All qPCR reactions were run in concert with a standard curve and a negative control. One sample of DNA was selected arbitrarily from the cohort to serve as the control for relative ratio calculations. Samples were performed in triplicate using 60 ng of template DNA. Triplicate results were assessed for coefficient of variation.
Results showing a coefficient of variation of 20% or more were discarded, and qPCR was repeated.
Statistical analysis
Statistical analyses were performed using Stata 12 (StataCorps, College Station, Texas, USA). Cytometry data were expressed as a percentage of the parent population. Biomarker levels were analyzed as continuous variables if normally distributed and were otherwise dichotomized. CRP was dichotomized at 1 mg/l, and other variables were split at the 75th percentile with values less than the 75th percentile identified as the reference. To assess relationships between flow cytometry marker percentages, circulating biomarker levels, and PFTs, we created multivariable models for each biologic variable with each of the following PFT outcomes: percentage-predicted forced expiratory volume in one second (FEV 1 ) (prebronchodilator and postbronchodilator), FEV 1 /FVC (forced vital capacity) ratio (prebronchodilator and postbronchodilator), and percentagepredicted DL CO . PFT variables were also dichotomized above and below clinically relevant cutpoints for airflow obstruction (FEV 1 /FVC above and below 0.7) and DL CO (percentage-predicted DL CO above and below 0.6; moderate impairment). Potentially relevant confounding variables included age, race, ethnicity, sex, pack-years smoked, duration of HIV, use of ART, viral load, CD4 þ cell count, bacterial or Pneumocystis pneumonia history, injection drug use history, and BMI. Appropriately transformed variables were selected using a forward stepwise approach with P-to-enter ¼ 0.05 and P-toexit ¼ 0.10. Age, race, ethnicity, and sex were not used for models with percentage-predicted PFT outcomes, as percentage-predicted values already include adjustment for these variables. For examination of associations with lower numbers of observations, confounders were omitted from final models if necessary to maintain stability of the model. Pearson or Spearman correlations were used to examine associations between selected biomarkers demonstrating relationship to pulmonary function in the multivariable models. Variables were log-transformed as necessary to approximate normality.
Results
Characteristics of the cohort One hundred and forty-seven HIV-infected persons completed acceptable PFT and were included in the analysis. Mean age of participants was 45.5 years, the majority (66.7%) were men, and most (82.9%) were either current or former smokers, with a median of 10 pack years smoked (Table 1) .
Spirometry values in the cohort were normal on average (Table 1) ; however, 28.8% of participants had evidence of airflow obstruction (FEV 1 /FVC below 0.7). DL CO was low on average (mean percentage-predicted DL CO 0.67), and there was a high prevalence of diffusing impairment: 86.4% of participants had DL CO less than 80% predicted (reduced) and 34.0% had DL CO less than 60% predicted (moderately reduced).
Immune activation, inflammation, and senescence in relationship to pulmonary function All study participants did not have every biomarker because of limited sample availability, and individual analyses of relationships between biomarkers and PFT outcomes were restricted to those with available data. As cytometry data were not included in the analysis if the parent population consisted less than 100 cells, there were frequently fewer data available for the smaller CD4 þ populations as might be expected in HIV. Median values and interquartile ranges are presented in Table 2 .
þ T-cell percentages were associated with lower DL CO as a continuous measure, as were elevated plasma interleukin-6 levels and levels of CRP greater than 1 mg/l (Table 3) . When DL CO was analyzed as a dichotomous variable, elevated CD25 þ /CD4 þ and CD25 þ /CD8 þ percentages were associated with greater odds of moderately impaired DL CO . In contrast, and unexpectedly, higher CD57
null CD8 þ T-cell percentages were associated with lower odds of moderate diffusing impairment. Of the inflammatory markers, interleukin-6 and CRP greater than 1 mg/l were associated with greater odds of moderately impaired DL CO . (Table 4 (Table 3 ). Higher odds of airflow obstruction (FEV 1 /FVC ratio <0.7) postbronchodilator were found in association with CRP levels greater than 1 mg/l and with shorter telomere length. Lower odds of both prebronchodilator and postbronchodilator obstruction were associated with higher CD57 þ / CD28 null CD8 þ T-cell percentages (Table 4) .
Virally suppressed subgroup
Although all multivariable analyses assessed for covariates related to HIV infection (including duration of HIV, viral load, CD4 þ T-cell count, and use of ART), it is possible that persistent viremia may have an undetected contribution confounding the relationships between inflammatory and senescent biomarkers and pulmonary function. Posthoc subgroup analyses restricted to participants with undetectable HIV viral load (n ¼ 100) were performed for the significant findings reported in Tables 3 and 4 . In the virally suppressed group, CD25
, and CRP retained association with worse DL CO (dichotomous and continuous measure), and CD57 þ /CD28 null CD8 þ , CRP, and telomere length retained similar associations with airflow obstruction. CD69
þ cell percentages and interleukin-6 did not retain significant associations with PFT outcomes in the virally suppressed group (Supplemental Tables 1A and 1B, http://links.lww.com/QAD/A580). Whether this finding points to a mediation of effects by active viremia or is simply a limitation of sample size cannot be addressed.
Biomarker correlations
Associations were demonstrated between several of the biomarkers that associated with pulmonary function in multivariable models. CD25
þ percentages were each modestly correlated with interleukin-6 ( Table 5) . Neither CD25 þ variable was associated with PBMC telomere length or with CD69 þ / CD57 þ /CD28 null CD4 þ percentages. Higher interleukin-6 levels were associated with higher CRP levels and also with shorter PBMC telomere length (Table 5) .
Discussion
This study is the first to relate immune activation, systemic inflammation, and T-cell senescence with pulmonary dysfunction in HIV-infected persons. Our data show that worse airflow obstruction and lower DLco are associated with increased immune activation and inflammation. Cellular senescence was also associated in a complex manner with diffusing impairment and airflow obstruction. These relationships were independent of other influences on lung function such as cigarette smoking and previous pneumonia.
We found that CD25 and CD69, classical markers of activated T cells, were each associated with PFT abnormalities. CD25 was expressed equivalently on CD4 þ and CD8 þ T cells, and was associated with diffusing impairment as both a continuous and dichotomous measure. When associations between cellular and humoral biomarkers were evaluated, CD25 expression was found to positively correlate with interleukin-6, which was also associated with both diffusing impairment and airflow obstruction in this cohort. A second marker of early activation, CD69, was associated with both lower diffusing capacity and lower FEV 1 percentage-predicted, but only when expressed in concert with CD57 þ / CD28 null , representing a senescent, activated phenotype.
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CD4
þ cells which are regulatory T cells is unknown. Although the direct association with the inflammatory marker interleukin-6 and the expected finding of association with pulmonary dysfunction suggest a classical activation phenotype, these findings will require confirmation in future cohorts. We did not find associations in this cohort between CD38, another marker of T-cell activation, and pulmonary function outcomes. No prior study has evaluated CD38 in HIV-associated COPD, and reports examining CD38 þ T-cell percentages and HIVassociated cardiovascular disease have been conflicting. One cross-sectional study reported association between CD38 þ HLA-DR þ T cells and carotid disease [34, 35] , whereas others have not found such associations [47] .
Detection of CD38
þ T-cell associations in the current study may have been limited by sample size or lack of measurement of HLA-DR þ coexpression. Nevertheless, our data correlating immune activation markers CD25 and CD69 with poorer PFT outcomes suggest these may be important in the development of long-term pathologic sequelae of chronic HIV infection.
Of the humoral inflammatory markers investigated, both interleukin-6 and CRP were increased in individuals with worse pulmonary function. Higher plasma interleukin-6 levels were associated with both diffusing impairment and lower postbronchodilator FEV 1 , and CRP was related to all measures of pulmonary dysfunction. These inflammatory molecules are likely to be of pathogenic significance in persons chronically infected with HIV. CRP is persistently elevated in chronic HIV infection (including among virally suppressed persons [48] ) and is associated with disease progression [49] . Although links with HIV-associated COPD have not previously been established, other HIVassociated chronic diseases, including cardiovascular disease, are related to elevated interleukin-6 [39] and CRP [39, 50] . Similarly, interleukin-6 and CRP are associated with COPD diagnosis [40, 51] and outcomes [40, 52] , and CRP has been linked to exacerbation risk [53] and presence of comorbidities [54] in the HIVuninfected population.
In our HIV-infected cohort, interleukin-6 and CRP levels were strongly related, suggesting a systemic inflammatory phenotype in some participants. A recent study of HIV-uninfected COPD patients found persistent systemic inflammation is associated with COPD outcomes, but not with traditional markers of disease severity, suggesting that non-pulmonary mediators driving systemic inflammation may be contributing to disease outcomes [40] . Among HIV-infected persons, immune activation or other HIV-specific factors may promote this systemic inflammation that can worsen COPD.
Immune senescence is an area of interest in HIV and its chronic comorbidities [55, 56] , but it has not been investigated in HIV-associated COPD. We found that measures of senescence demonstrated a complex relationship to pulmonary function, with differing results obtained for PBMC telomere length versus T-cell surface markers (CD57 þ /CD28 null ). Additionally, in our cohort, there were no correlations between PBMC telomere length and T-cell CD57 þ /CD28 null percentages. Although the flow cytometry assays of senescence were limited to selected CD4 þ and CD8 þ T cells, telomere measurements were performed on all leukocytes, and therefore, represent a more heterogenous population of cells. More importantly, as discussed below, these two assays may capture different features and mechanisms of 'senescence' and may not represent the same functional deficit.
Shorter PBMC telomere length (a known bioindicator of replicative senescence in human somatic cells [57] ) was associated with lower prebronchodilator FEV 1 and higher odds of postbronchodilator airflow obstruction. This relationship has not been previously reported in HIVassociated COPD. In the HIV-uninfected population, PBMC telomere shortening has been independently associated with COPD presence and severity in multiple studies [58] [59] [60] [61] . Telomere shortening is also a well described feature of HIV infection [62] [63] [64] , independent of the degree of immune suppression [63] . The mechanisms and direction of the relationships among HIV, PBMC telomere shortening, and COPD are not yet clear. Considering the natural course of HIV, the overall telomere shortening of the CD8 þ , granulocyte, monocyte, and B-cell compartments [65] [66] [67] [68] could be a consequence of either replicative senescence due to repeated clonal expansion of immune cells due to HIV and its coinfections or skewed expansion of any or all of these cells to occupy the immunological space 'vacated' by CD4 þ cells. Whether there are infection-associated factors that directly destabilize telomere structure and/or elicit overall DNA instability in leukocytes in HIV remains to be examined.
Interestingly, despite the observed association of airflow obstruction and PBMC telomere shortening, our data also show that higher percentages of T cells displaying phenotypic markers of senescence (CD57 þ /CD28 null ) were associated with lower risk of diffusing impairment and lack of airflow obstruction. These findings are consistent with emerging themes related to the complexity of the biological function of senescent cells. In the immune system, it is clear that the irreversible loss of CD28 is the best known indicator of T-cell aging [69] , and the frequency of CD28 null CD4 þ T cells has been associated with severity and chronicity of many chronic inflammatory diseases in the young [70] . CD28 null T cells, however, are functionally heterogeneous because of the induction of cell surface receptors that can either have detrimental or beneficial function. For example, de-novo expression of CD31 on CD28 null CD8 þ T cells and CD56 on CD28 null CD4 þ T cells is associated with the oligoarticular subtype of juvenile idiopathic arthritis [71] and with idiopathic lung disease in young adults with rheumatoid arthritis [72] , respectively. In contrast, studies of successfully aging octoagenarians/nonagenarians show expression of various natural killer (NK)-related receptors on CD28 null CD4 þ and CD8 þ T cells, with triggering of such receptors leading to production of immune protective cytokines such as interleukin-2 and interferon g [20, 73] . In the present study, our data show that poorer pulmonary function is correlated with prevalence of CD69 T-cell population, suggesting that there might be a particular senescent CD8 þ T-cell subset that has beneficial immune effector function. As recently demonstrated in a study examining the CD57 þ compartment of CD28 null T cells in HIV-infected persons (and in contrast to findings in older non-HIV infected adults), lower percentages of CD57 þ cells within the CD28 null compartment associate with higher circulating markers of innate immune activation and worse mortality outcomes [74] . The lack of expression of CD57 þ on CD28 null cells suggests a failure of terminal differentiation and successful proliferative capacity in response to infectious triggers. The CD57 null /CD28 null cells may therefore mark persons at increased risk for persistent immune activation and its organ-specific downstream effects. The prognostic relevance of this particular T-cell phenotype has yet to be determined, and further evaluation in longitudinal cohorts will be revealing. A final alternative is that these cells may in fact be deleterious, but are recruited to the lung in individuals with COPD, resulting in decreased peripheral numbers. Indeed, lung CD8 þ T cells have been associated with COPD development in animal and human studies [75, 76] and are thought to contribute to lung destruction via elaboration of inflammatory mediators [76] [77] [78] . Of interest, therefore, are further studies to determine the subsets of CD8 þ T cells in the circulation and/or in the lung which may have beneficial or detrimental effector functions. Further studies characterizing the immune components of the pulmonary compartment in HIVinfected persons will improve our understanding of T-cell dynamics and COPD in this population.
This study has several limitations. First, because of the cross-sectional design, we were able to capture associations, but cannot describe predictive characteristics. Further studies designed to follow progression of pulmonary function over time will be better able to address cause-effect relationships. Additionally, participants enrolled in the study have multiple comorbidities and exposures that may impact both pulmonary function and levels of circulating biomarkers, making precise estimates of associations difficult despite efforts to adjust for confounders. In particular, many participants were current or former smokers, and mechanisms of pulmonary dysfunction in these groups may be different. Nonetheless, we feel that the sample in this study accurately represents the current US HIV-infected population, and that the biomarker findings are relevant to the population's disease states. Finally, we may not have included all immune activation/senescence markers or inflammatory cytokines that are important in HIV-associated COPD, but we feel that the data presented form groundwork for the further study of immune-inflammatory relationships in association with pulmonary outcomes.
In summary, the pathogenesis of pulmonary complications of chronic HIV disease in the ART era is of significant interest, but remains relatively uncharted territory. Characterization of immune and inflammatory factors associated with adverse pulmonary outcomes is an important step in determining mechanisms of development and progression of HIV-associated COPD. This study is the first to demonstrate that HIV-associated pulmonary dysfunction is characterized by peripheral Tcell activation and inflammation and is linked to features of cell senescence. Further studies are needed to evaluate the underpinnings of telomere shortening in HIV, to examine circulating and local subsets of activated T cells and CD57 þ /CD28 null CD8 þ T cells, and to elucidate the specific triggers and consequences of immune and inflammatory pathways, which may provide rationale for future targeted therapies.
